Introduction
The presence of particles in air has demonstrated to have severe noxious effects on human health and environment [1] . For this reason, the European Commission has already published several Directives setting particles emission limits in Diesel engines: Directive 94/12/EC [2] , Directive 98/69/EC [3] , Directive 2002/80/EC [4] , and Regulation No 715/2007 [5] . Currently, the maximum level allowed of particulate matter emitted by a diesel vehicle is set by the Euro 6 standard [6] , and it affects both the number of particles (6·10 11 particles/km) and their mass (4.5 mg/km).
--------------tion respect to an artificial particle generator. This work presents for the first time experimental measurements of the filtration efficiency of two bioSiC specimens when applied to the gas stream of a real automotive engine.
In this way, two disk-shaped samples were manufactured from two different precursors and a particle laden stream extracted from the exhaust pipe of a Diesel engine was used to characterize their efficiency. A test bench was designed and built for this purpose. The transient evolution of the filtration efficiency with the soot load was evaluated through a continuous register of the captured particles, while the pressure drop across the samples was measured with a differential pressure sensor. From this first approach to the application of bioSiC as diesel exhaust particulate filter, positive and promising results are obtained.
Methods
For this study, two bioSiC filters made from different precursors have been tested in the exhaust of a Euro 6 Diesel engine. The precursor selection was made based on a previous characterization stage, in which the most relevant microstructural parameters of a DPF were identified and measured.
The bioSiC filter samples, manufacturing process
In this work, two different bioSiC filters were manufactured: one made from pine, and another one made from medium density fiberboard (MDF) panel. The choice of the precursors was made taking into account those microstructural parameters that are known to affect their performance as particulate filters (porosity, pore size and permeability mainly), and on a previous determination of their filtration efficiency with the exhaust gases of a diesel boiler [21] .
In two previous studies, a wide range of precursors' properties were thoroughly characterized particularly in terms of microstructural parameters. The main result of the study can be found in references [24, 25] . In those works, not only different precursors were tried, but they were also tested taking into account the cutting direction of the wood (parallel or perpendicular to the axis of the trunk). Medium density fiberboard and axial-cut pine were finally selected based mainly on their filtration efficiency, but also for practical reasons related with the manufacturing process [23] . Their main features are presented in tab. 1. The samples were manufactured following the fabrication procedure described by Gomez-Martin et al. [25] . Only a brief summary is reported here. First, the wood specimens were cut down into blocks and dried in a stove. Then, the wood blocks were paralysed. After that, the resulting carbon blocks were mechanized into disks with 1 inch in diameter and 3 mm thick, and infiltrated with molten silicon. Finally, the excess silicon was removed by evaporation at high temperature. Figure 1 shows the final aspect of the samples and two micrographs of their microstructures obtained through SEM, (Jeol 6460 LV), where the difference between their original precursors can be seen. Medium density fiberboard shows a homogenous distribution of the fibres in the horizontal plane, while pine presents separate areas due to the growth rings.
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Experimental set-up
The aforementioned samples were tested in a bench specifically designed and built to measure their filtration efficiency and pressure drop. The general scheme is depicted in fig. 2 . The particle-laden gas stream used to test the filters is extracted from the exhaust pipe of an 86 hp Diesel engine (2009), the technical features of which are summarized in tab. 2. A fraction of the exhaust gases is deviated from the centre of the exhaust pipe and carried towards the test rig where is filtered with the bioSiC samples. Once fixed to the exhaust pipe, the sampling tube was bent in order to take the sample in the same direction of the flue gases coming from the engine.
A measurement device for particulate emissions (optical particle sizer -OPS) was used to count and measure the concentration of particles before and after placing the filter in the gas stream. Table 3 shows its main technical specifications. The gas-flow rate is set at 1 Lpm by an internal pump of the equipment. A flowmeter placed upstream the sample-carrier was used to check and calibrate the flow. Considering the dimensions and the volume of the samples, this flow rate is equivalent to a space velocity across the filters of 42,000 L/h.
The OPS are devices originally designed to measure ambient air quality and they cannot resist the thermal levels of the exhaust gases of an engine. To cool down the gas stream, a heat exchanger was used. A thermocouple was placed just at the outlet of the heatexchanger in order to check that the temperature level imposed by the OPS 3330 was not exceeded. Thanks to the previous cooling, the temperature level in the samples during the tests was always below 45 °C.
A small fan is used to compensate the pressure drop introduced by the heat exchanger. In [21] , a detailed description of the sample-carrier for the filter samples is provided, and a design sketch and a photo of the same are presented. A differential pressure sensor (Honeywell 24PC 0.5 psi) was used to measure the pressure drop in the filter during the soot load.
The monitoring and logging of the data measured with the particle meter and the pressure sensor were done remotely from outside the engine cell with data acquisition system and control software. The test cell of the engine is prepared to perform tests in different injection modes and with different types of fuel. A fuel delivery regulator and an electric brake control the engine speed and the load independently. The brake moment was determined by a gauge. The filtration tests of this study were carried out controlling the engine working point at 2,500 rpm and 70 Nm, a frequent operation regime in experimental campaigns with this kind of engines. Before placing any filter, the engine was left operating during at least one hour, warming up, in order to assure steady-state conditions. However, in the initial stage, a previous characterization of the distribution of particles as a function of the operation regime was performed. In fig. 3 two pictures of the experimental facility are presented. On the left hand side, one picture of the engine is shown, and in the right hand side, another one of the test rig. The heat exchanger may affect considerably the particle size distribution of the gas. In addition to following a tortuous path, gases experience a quick cooling during it crossing across the heat exchanger. The cooling of a particle laden gas stream causes the nucleation and condensation of volatile materials, and also the formation of bigger agglomerates by the coagulation of particles [26] . Furthermore, the temperature gradients near the cold walls are known to cause the movement of the particles by thermophoresis [27] . Due to these phenomena the particle distribution downstream the heat exchanger can be altered respect to the original distribution generated by the engine. This alteration on the particle size distribution was kept in mind during the design and the assembling of the test bench. Nevertheless, it should not affect the efficiency calculations since the measurements of the concentration of particles were made just before and just after the place of the filter.
Calculation procedure
The filtration efficiency of each sample was calculated from the measurements of particle concentration before and after the filter. The calculation procedure can be found in [21] .
Up to 16 channels were set in the OPS 3330 to take into account different particle size ranges: from 300 nm, the minimum diameter detectable by the device, to 1,500 nm. The distribution of sizes on the OPS is set logarithmically as shown in tab. 4.
The logging time was set to 1 second in order to accurately measure the transient evolution of the filtration efficiency with the soot load. The length of the tests was determined by the capability of the measuring device to keep the pump on. The OPS 3330 needs a free path for the air to flow into it. When a blockage starts hindering the flow, the pump cannot continue sucking and the device stops measuring to avoid contaminating the optical chamber.
The evolution in the filtration efficiency of each sample was calculated during the test and expressed as a function of the time and the soot load. Local oscillations of the curves were smoothed by averaging the calculated values of efficiency every 120 seconds. To calculate the deposited soot load on the samples in each moment, the calculation procedure described in [21] was used. Soot particles produced by Diesel engines are known to form fractal-shaped agglomerates [28] , and they are characterized by their mobility diameter. The mo-bility diameter cannot be directly inferred from the optical diameter unless any merging technique with other kind of sizer (SMPS or DMA) is used [29] . However, in this study, the optical diameter was used for the mass calculations, and awareness of the lack of quantitative validity of the results was assumed. The effective density was calculated using the correlation proposed by [30] for fractal like soot particles produced by Diesel engines:
where d 0 and   are the primary particle diameter and density, respectively, and D f is the fractal dimension. Orihuela et al. [21] outline acceptable values for these parameters: d 0 = 60 nm and  0 = 0.7 g/cm 3 from [28] , and D f = 2.3 from [28] and [30] . The effective density of the particles in each size range is also showed in tab. 4. As stated by Park et al. [31] , the higher the diameter of an agglomerate, the lower the resulting effective density due to the increasing presence of voids.
Results
The filtration tests were carried out with the engine working at 2,500 rpm and 70 Nm, a frequent operation regime in experimental campaigns with this kind of engines. In this regime, as in any other, the range of particle diameters detectable by the particle counter corresponds to the final part of the complete particle distribution curve of a normal automotive engine. That is, the production of particles of a normal engine starts usually from much smaller particles, around 1 nm. To obtain the whole curve of particle distribution, a device capable to detect particles of few nanometres would be necessary. Optical meters only detect particles above 300 nm, and so they cannot reflect the complete particle distribution curve of an engine.
Consequently, the values of filtration efficiency obtained from this study and presented in this paper are applicable to particles above 300 nm, but cannot be applicable to smaller particles. To get a complete value of the filtration efficiency of the filter samples for the whole range of sizes, further study would be necessary, and a different kind of particle meter would be required. Apart from the limitation on the measurable particle sizes, an alteration of the particle size distribution may exist in respect to the original distribution of the engine, due to the cooling process in the heat exchanger. This effect should not affect the efficiency calculations since the measurements of the concentration of particles were all made downstream the heat exchanger, just before and after placing the filter. Figure 4 shows the evolution in the measured amount of particles during one filtration test, in particular during the MDF sample filtration test. In the figure, the raw count of particles is presented as a function of the time for five different size ranges (corresponding to channels 1 to 5, see tab. 4).
Filtration efficiency
The first 45 minutes of the graph correspond to the time period in which the gas stream is not being filtered, that is, before placing the filter sample. In the instant in which the filter is placed in the sample-carrier, a sudden decrease in the number of particles is recorded. This instant determines the initial filtration efficiency of the bioSiC filter, that is, the efficiency of the clean filter when it has not been loaded with particles yet. From then on, a continuous decrease in the measured number of particles is observed. The particles trapped within the filter contribute in turn to improve the abatement efficiency. Eventually, the pores get saturated and no more particles achieve to cross the filter. In that moment, the filtration efficiency of the filter reaches a maximum value close to 100%.
The rapid decrease in the number of particles that takes place in the moment the filter is placed can also be observed in the particle distribution curves. Figure 5 shows the averaged particle distribution before placing the filter, and the one obtained just after placing it. Averaging this initial reduction in the number of particles for all the size ranges, the initial efficiency of the filters was obtained. The result was 86% for the MDF, and 83% for pine.
Plotting the following evolution of the filtration efficiency from then on for the rest of the test, the results shown in fig. 6 were obtained. In this figure, trends have been plotted for both MDF and pine sample. It can be seen that the initial efficiency of pine is a bit lower than that of MDF, but the growing rate is higher so it surpasses the curve of MDF and reaches sooner 100% efficiency.
Pressure drop
The pressure drop was measured throughout the tests including the first time period in which the engine was warming up and the filters had not been placed yet. In that stage, a little pressure drop was measured due to the pipes and the sample-carrier itself. That pressure drop is around 0.5 mbar and is independent from the filter sample as can be seen in fig. 7 . In the moment the sample is placed, a sudden increase in pressure drop is registered. The initial pressure drop of the MDF filter is higher than the one of the pine filter. This initial pressure drop corresponds to the pressure drop of a clean filter and matches with the expectable pressure drop of a bioSiC filter according to its permeability.
From the moment the filter is placed blocking the gas stream, it starts getting loaded with soot particles. Captured particles remain on the surface of the pores reducing the effective cross sectional area for the air-flow and increasing the pressure drop, fig. 8 . If the filtration process is long enough the pores of the filter get eventually clogged, and a soot cake starts forming on the external surface of the filter. In this experiment, the tests stopped before the soot cake appeared due to the quick evolution in the filtration efficiency of the samples, which raised up to almost 100% for an increase in pressure drop less than 15%.
Unfortunately, the blockage of the gas flux at the beginning of the soot cake formation interfered with the proper operation of the internal pump of the OPS, so the measurement and data logging were stopped before reaching a significant increase in the pressure drop. 
Conclusions
Through this study, the filtration performance of bio SiC as DPF has been addressed. In this preliminary study, two different filters samples made from two different wood precursors have been tested: one made from MDF, and another one made from Pine. In a previous study, these precursors had demonstrated to have suitable microstructural parameters for their use as substrate for particle filters [32] . The cutting direction of a natural wood is also a crucial element in the interaction of the resulting porous microstructure and the soot laden air-flow [21] . Thus, the pine-derived bioSiC sample was manufactured following the cutting direction that better filtration efficiency might provide, that is, axial (air flowing parallel to the trunk of the tree). The manufacturing process followed here was the same process used by Gomez-Martin et al. [24, 25] , which in turn follows the same guidelines than other manufacturing processes of bioSiC described previously in the literature.
To test the bioSiC filter samples, a test rig was specifically designed and built in which a four cylinder, turbocharged, common-rail injection, 1.461 L Renault DI automotive Diesel engine was used to generate the soot laden gas stream to be filtered. To measure the concentration of particles before and after placing the filter samples, and to be able to calculate the filtration efficiency, an optical particle sizer was used. Simultaneously, a differential pressure sensor was used to measure the pressure drop in the filters as they got loaded with soot.
The initial filtration efficiency of both samples is higher than 80% : 86% in the case of MDF and 83% in the case of pine. This filtration efficiency increases even more as the filters get loaded with particles, reaching efficiencies close to 100% in a period shorter than 2 hours (for a space velocity of around 42000 1/h). As expected, this increase in the filtration efficiency is accompanied by an increase in pressure drop. Nevertheless, filtration efficiency has turned out to reach its maximum value before the increase in pressure drop reaches a 15%.
The study has revealed two main limitations: (1) the particle size range of the measuring device (OPS 3330) does not allow to register the complete size distribution curve. The results obtained through this study are applicable to particles larger than 300 nm, and (2) the blockage of the flux stopped the measurements before the soot cake started to form, so a bias pressure drop curve is obtained. Both limitations could be solved by using a different particle meter like, for example, an SMPS. In any case, although preliminary, results obtained in this work are positive and encourage further studies with more complex geometries and extended tests. In this sense, further researches are required to extend the validity to the nanoscale range, since nanoparticles have demonstrated to be especially harmful and dangerous for human health. Besides, longer tests would be necessary in order to study the soot cake filtration stage. In the meanwhile, bioSiC may be considered a suitable candidate for its use as substrate for DPF. For future research, other filtration conditions could be studied. By using a laminar diffusion flame, for example, a well-known particle concentration and distribution could be obtained, and a more systematic and accurate measurement of the filtration efficiency could be done. In addition, to characterize the soot distribution, some laser diagnostic technics could be used, which would be more affordable than purchasing more sophisticated equipment to sample, count and classify particles.
